ABSTRACT Results of previous Þeld excavation of nest structure of Coptotermes formosanus Shiraki (Isoptera: Rhinotermitidae), the Formosan subterranean termite, indicated that the total length of the gallery system ranged up to 580 m, and its total space may occupy Ͼ34,800 cm 3 . Because Formosan subterranean termite does not build mounds, it has been speculated that it creates tunnel space by compacting soil. The objective of this study is to test a "modiÞed soil-compaction hypothesis" that Formosan subterranean termite removed and compacted soil to increase space during tunnel excavation. Contrary to the hypothesis, the deposited sand was less dense than the unexcavated sand in all replications; thus, we rejected the soil-compaction hypothesis. Instead, we offered wood-consumption hypothesis that termites gain the tunnel space as a result of consuming wood. When termites were placed with wood pieces for 30 d, the decreased volume of consumed wood was signiÞcantly higher than the increased volume of carton material. The net increased space is Ϸ50% of volume of consumed wood. We speculate that the space created by wood consumption could be transformed into tunnel space during soil displacement.
Mound building termites excavate tunnels and use the removed soil to construct their aboveground mounds. Darlington (1986) described mature mounds of Macrotermes michaelseni (Sjö estedt) in regular conical shape of Ϸ70 Ð100 cm in height and Ϸ4 Ð5 m in circumference at the base; the total length of the tunnel system of a mature M. michaelseni colony extended up to 5,973 m (Darlington 1982) . Subterranean termites also build extensive subterranean galleries (King and Spink 1969, Messenger et al. 2005) . The entire gallery system of the Formosan subterranean termites, Coptotermes formosanus Shiraki (Isoptera: Rhinotermitidae), excavated by King and Spink (1969) , extended 580 m. However, subterranean termites are not known to move soil to a great extent. Many researchers have speculated or assumed that subterranean termites, including Reticulitermes hesperus Banks (Ebeling and Pence 1957) , Coptotermes brunneus Gay (Greaves 1962) , Coptotermes acinaciformis (Froggatt) (Greaves and Florence 1966) , and C. formosanus (King and Spink 1969) , created tunnel space by compacting soil. Ebeling and Pence (1957) indicated that R. hesperus pushed heads forward through the sand and then pressed the sand particles to either side to create tunnel space. However, Li (2006) showed that Formosan subterranean termites did not press the sand particles to either side, and instead they removed sand particles from one site (excavation site) to another site (deposition site) during tunnel excavation. Although Formosan subterranean termites did not compact sand during excavation, they may deposit sand at a density greater than before it was removed, and thus decrease the sand volume and increase the tunnel space. We test this "modiÞed soil-compaction hypothesis" by comparing the density of unexcavated sand and that of sand deposited by termites. Alternatively, we hypothesize that termites gain space as a result of consuming wood.
Materials and Methods
Termites. Individuals of three Þeld colonies of Formosan subterranean termite were collected in Broward County, FL, by using underground bucket traps (Su and Scheffrahn 1986 ) containing a bundle of spruce (Picea sp.) wood. Before testing, termites were kept at 28ЊC in 1-liter cylindrical plastic jars with pieces of moist wood.
Soil-Compaction Bioassay. The modiÞed soil-compaction hypothesis was tested in a laboratory arena. The arena was constructed of two sheets of transparent Plexiglas (15 by 15 by 0.6 cm in thickness) separated from each other by Plexiglas laminates (1.5 cm in width and 0.15 cm in thickness on each side) placed between the outer margins to form a 0.15-cm gap of 12 by 12 cm and held together with screws (Fig. 1A) . To increase the color contrast between sand particles for deÞning the sand particle margin under microscopes, mixed colored sand was used for tunneling substrate. Sand colored red, green, blue, purple or gray (Activa Products, Inc., Marshall, TX) was sifted through two sieves (corresponding to the U.S.A. standard test sieve scale of 50 and 45, Fisher, Pittsburgh, PA) to obtain uniform particle sizes ranging from 0.300 to 0.355 mm in diameter. Equal weights of four individually colored sands were shaken to achieve 32 g of mixed colored sand, and this sand mix was used to Þll in the gap between the two Plexiglas sheets, leaving a 1.2-cm 3 empty triangular space (4 by 4 by 0.5 by 0.15 cm) at one corner for termites and one piece of moist wood (1.0 by 1.0 by 0.15 cm) (Fig. 1A) . The sand bulk density was Ϸ1.57 g/cm 3 (32 g of sand/[21.6 cm 3 for total space in the arena minus 1.2 cm 3 for triangular empty space]). The top Plexiglas sheet had one access hole (0.6 cm in diameter) at each of two corners, which was plugged immediately after injecting Ϸ8 ml of water to moisten the sand and introduce the termites.
The test was conducted by using three termite group sizes of 50, 100, or 150 (90% workers and 10% soldiers), and tests were replicated three times from three different colony origins. For measuring the tunnel volume, digital images of the whole experimental arena were taken at 0, 24, and 48 h after introducing termites (Fig. 1) . The tunnel volume (triangular space and tunnel void) in the arena was calculated as the product of tunnel area and the thickness of the gap (0.15 cm). The tunnel area was measured by using the software GIMP, version 2.2 (Free Software Foundation, Inc., Boston, MA). In all experiments, the starting tunnel volume (at 0 h) was Ϸ1.0 cm 3 (1.2-cm 3 triangular space minus 0.15 cm 3 of wood and 0.04-cm 3 plug). The percentage of change in tunnel volume was calculated from digital images taken at 24 and 48 h. Our preliminary test showed little tunneling activity after 48 h. For measuring the sand compactness, a transparent Þlm with printed grid (2 by 2 mm) was placed on the top Plexiglas sheet of the experimental arena. At 0 h, before introducing termites, Þve grids of unexcavated sand were randomly chosen and their images were taken with a Canon EOS digital camera (Canon Inc., Tokyo, Japan) through the microscope (Olympus Optical Co., Ltd., Tokyo, Japan). After being placed in the arena, the termites excavated tunnels in the sand and deposited particles in the empty corner ( Fig. 1B and  C) . At 24 and 48 h, images of Þve grids of sand deposited by termites in the corner during 0 Ð24 h and during 24 Ð 48 h were taken, respectively. To quantify sand compactness through digital images, a sand density index (SDI) was deÞned as SDI ϭ (sand area/grid area) ϫ 100%. In a grid square (Ϸ4 mm 2 ; Fig. 2A ), all sand particles contacting the top Plexiglas sheet were identiÞed microscopically. The total area of all particles contacting the top Plexiglas sheet in the grid was referred to as the "sand area" (Fig. 2B) . Therefore, if the sand particles were compacted, the sand area would increase in the grid area and the SDI would increase. To obtain the precise area (pixels) in the digital images, the boundaries of the grid and the sand area were manually circumscribed with line segments between N vertices (x i , y i ), i ϭ 0 to N Ϫ 1 by using Matlab, version 6.1 (Mathworks Inc., Natick, MA) software. The circumscribed area (pixels) was calculated by the formula below. The last vertex (x n , y n ) is the same as the Þrst, so the polygon is closed. In some cases, sand area was partitioned into small parts and circumscribed, respectively, for easily calculating each part as shown in Fig. 2C .
The experimental design was a 3 (time periods of 0, 24, and 48 h) by 3 (termite group sizes of 50, 100, 150 termites) factorial. The response variables were SDI and percentage of change in tunnel volume. Percentages were transformed to arcsine square root of the percentage and subjected to analysis of variance (ANOVA) (SAS Institute 1985) . When a signiÞcant difference (␣ ϭ 0.05) among treatments was detected, means were separated by a least signiÞcant difference (LSD) test (SAS Institute 1985) .
Wood-Consumption Bioassay. Pieces of wood (3.0 by 3.0 by 0.3 cm) were oven-dried at 85ЊC for 48 h, cooled to room temperature, weighed, and submerged in deionized water 24 h before use. To obtain the mean wood density, Þve 3-cm wood cubes, cut from the same wood source, were oven-dried at 85ЊC for 48 h, cooled to room temperature, and weighed. Before testing, termites were weighed, and their dry weight was estimated by using fresh/dry weight (FDW) ratio of subsamples from the same colony. Two groups of 100 workers and two groups of 20 soldiers from each colony were weighed and then reweighed after ovendried at 85ЊC for 24 h to obtain the average FDW ratio. The FDW ratio of workers and soldiers was used, respectively, to estimate the experimental workersÕ and soldiersÕ dry weight at day 0.
An experimental unit is composed of a petri dish (60 mm in diameter by 15 mm in height) containing 200 termites (180 workers, Ϸ0.57 g and 20 soldiers, Ϸ0.06 g) and four pieces of moistened wood. Four replicates of 200 termites each of three colonies plus four termite-free controls totaling 16 units were used for experiments. Each petri dish was wrapped with aluminum foil to keep it in the dark, and dishes were placed in the incubator (28ЊC) for 30 d. At day 15, petri dishes were opened for a few seconds, and deionized water was added. After the 30-d experimental period, surviving termites, pieces of wood and carton material were separated. Carton material included semiliquid feces mixed with chewed wood fragments and debris that are used as termiteÕs construction and plastering material, and it was dehydrated in a few hours on glass surface after being produced. The solid carton material was scraped off and placed in a graduated cylinder containing water to measure the volume, and then the solution was oven-dried at 85ЊC for 24 h to obtain the dry weight of carton material. Termites were counted and then oven-dried at 85ЊC for 24 h to obtain the dry weight. Partially consumed wood pieces were oven dried at 85ЊC for 48 h, cooled to room temperature, and reweighed to obtain wood dry weight loss.
Differences in wood dry weight loss between experiments (with termites) and controls (without termites) after the 30-d experiment period was determined by using a t-test at ␣ ϭ 0.05 (SAS Institute 1985) . The wood density was measured before the experiments, and it was assumed to be consistent. The wood volume reduction was calculated as the wood dry weight loss divided by the wood density. The change in termite biomass was determined by the termite dry weight after the 30-d experimental period. The signiÞcant differences between wood volume reduction and the volume of carton material were separated using a t-test at ␣ ϭ 0.05 (SAS Institute 1985) . The dry weight loss of the whole bioassay system in the 30-d experiment period was assumed to be the amount of the released metabolic gas.
Results
Soil-Compaction Hypothesis. SigniÞcant differences in SDI were observed among time periods (F ϭ 147.06; df ϭ 2, 18; P Ͻ 0.0001), group sizes (F ϭ 32.93; df ϭ 2, 18; P Ͻ 0.0001), and their interactions (F ϭ 12.44; df ϭ 4, 18; P Ͻ 0.0001) (n ϭ 27). The unexcavated sand (0 h) was signiÞcantly denser than the deposited sand (0 Ð24 or 24 Ð 48 h) except for groups of 100 termites at 24 Ð 48 h (Table 1) . Larger groups of termites (100 and 150) deposited sand at higher density than groups of 50 (Table 1) . SigniÞcant differences in percentage of change of tunnel volume also were observed among time periods (F ϭ 318.04; df ϭ 2, 18; P Ͻ 0.0001), group sizes (F ϭ 13.11; df ϭ 2, 18; P ϭ 0.0003), and their interactions (F ϭ 3.32; df ϭ 4, 18; P ϭ 0.0333) (n ϭ 27). The tunnel volume at 24 and 48 h after introducing termites was signiÞcantly smaller than that of 0 h ( Table 1 ). The tunnel volume with large groups of termites (100 and 150) was signiÞcantly larger than for groups of 50 at 24 and 48 h, except for 150 termites at 48 h (Table 1) .
Between 0 and 24 h, termites excavated tunnels and deposited sand into the triangle void. Because the density of sand being deposited during the initial 24 h was Ϸ30% lower than that of 0 h, the tunnel volume (triangle space plus tunnel void) signiÞcantly decreased. The density of sand being deposited between 24 and 48 h was only Ϸ10% lower than that of unexcavated sand, and the tunnel volume at 24 and 48 h was not signiÞcantly different. As the sand density decreased, the tunnel volume also decreased.
Wood-Consumption Hypothesis. The survival rate of colonies I, II, and III was 97.25 Ϯ 0.75%, 90.25 Ϯ 2.09%, and 81.38 Ϯ 0.59% (n ϭ 4), respectively. The wood weight loss in experiments of these three colonies, which were signiÞcantly greater than controls (P Ͻ 0.01) ( Table 2 ), indicates that wood weight loss was due to consumption by termites. The termite biomass change and carton material weight was approximately half of the consumed wood weight, and we assumed the other half was metabolic gas released from the bioassay systems (Table 2 ). The wood density obtained from Þve 3-cm cubes was 0.37 Ϯ 0.00 g/cm 3 (n ϭ 5). Consumption of wood by termites over the 30-d experimental period resulted in a decrease in wood weight (Table 2 ) and wood volume (Table 3) , compared with initial values for these measures. The space increased as a result of wood consumption, but carton material produced by the termites also occupied space (Tables 2 and 3 ). Because the wood loss was signiÞcantly greater than that of carton material (P Ͻ 0.05 for all colonies, Table 3), the available space for termites increased 0.8 Ð1.0 cm 3 (35Ð 64% of the volume of wood loss, Table 3 ).
Discussion
This study examined two hypotheses related to sand displacement and tunnel excavation in subterranean termites. Based on our results, the modiÞed soil-compaction hypothesis was rejected, whereas the woodconsumption hypothesis was supported.
Soil Bulk Density and Termite Activities. The modiÞed soil-compaction hypothesis was rejected because the deposited sand was less dense than unexcavated sand, and the available space in the arena actually decreased. The bulk density of unexcavated sand in this study was Ϸ1.57 g/cm 3 . The effects of soil bulk density on termite tunneling behavior were observed in previous studies. Greaves and Florence (1966) reported that C. acinaciformis excavated more tunnels in low-density than high-density soil. In a laboratory experiment, Reticulitermes flavipes (Kollar) built tunnels more quickly in low-density soil (1.05 g/cm 3 ) compared with moderate (1.18 g/cm 3 ) or high-density (1.35 g/cm 3 ) soil (Tucker et al. 2004) . Soil texture and structure in nature varies with a wide range of soil bulk density. Subterranean termites may compact some low bulk density soil. Based on this study, we speculate that Formosan subterranean termites do not or cannot physically compact soil to a bulk density of Ͼ1.57 g/cm 3 . Activities of many termite species are closely associated with soil. They ingest soil, forage in soil, and construct mounds and shelter tubes with soil. Termite activities affect the physical and chemical characteristics of soils such as soil structure, water-holding capacity, acidity, and organic material content (Lee and Wood 1971, Wood 1996) , which consequently change soil bulk density. The difference in soil bulk densities between termite mounds and surrounding surface soil were described by Lobry de Bruyn and Conacher (1990) and Holt and Lepage (2000) . However, these latter studies did not directly demonstrate that termites physically compact or loosen soil because the surface soil is not the only source for mound construction (Noirot and Darlington 2000) and termites altered the soil composition of mounds by the additions of organic matter such as secretions and excreta (Gillman et al. 1972) , which consequently affected the porosity and bulk density (Oades 1984 , Amelung et al. 2002 .
Mechanisms for Increasing Space and Wood-Consumption Hypothesis. There are two possible explanations for termites to gain available space after consuming wood. First, termites converted solid wood into metabolic waste gas. Shelton and Appel (2001) reported that individual Formosan subterranean termite worker and soldier released 0.373 and 0.229 ml g Ϫ1 h Ϫ1 CO 2 (milliliters of CO 2 produced by per gram of fresh weight of termites per hour), respectively, under individual isolation in respirometry chambers. Groups of Formosan subterranean termite workers in respirometry chambers produced similar amount of CO 2 (0.4 ml g Ϫ1 h
Ϫ1
) (Wheeler et al. 1996) . Based on the data of Shelton and Appel (2001) , 200 termites in our experiments may have produced 163 ml of CO 2 (0.57 g ϫ 720 h ϫ 0.373 ml g Ϫ1 h Ϫ1 for 180 workers, and 0.06 g ϫ 720 h ϫ 0.229 ml g Ϫ1 h Ϫ1 for 20 soldiers) during the 30-d experiment period. Based on the ideal gas law PV ϭ nRT, where P is the pressure (atmospheres), V is the volume (liter), n is the amount of substance of gas (moles), R is the gas constant (0.082 atmospheres liter mole Ϫ1 K
), and T is the absolute temperature (Kelvin), 163 ml of CO 2 under 1 atmosphere and 28ЊC (ϭ301.15 ЊK) is Ϸ0.0066 mol (Ϸ0.29 g). We estimated that Ϸ0.31Ð 0.38 g of metabolic gas was produced in 30 d, and most was probably CO 2 . In this study, Ϸ50% of the weight of consumed wood was converted into metabolic gas, and it seemed to be the principal mechanism for gaining space.
The second explanation may be that termites use pore space between soil particles for depositing feces. Subterranean termitesÕ semiliquid feces are known as fecal cement for their nest and tunnel construction (Stuart 1969) . King and Spink (1969) described most galleries of Formosan subterranean termite were lined with reddish brown feces varying in thickness from a narrow strand to 0.6 cm. The thick lining around galleries may aid in preserving a high humidity within the galleries (King and Spink 1969) or in protecting resident termites from small predators. Discarding the feces is vital for subterranean termites because they live in a closed underground gallery system and excretion takes up available space. In our soil-compac- tion experiments, we observed the semiliquid feces inÞltrated between sand particles near tunnel surface, which decreased the feces volume in the galleries and increased available space for termites. Population Density. Termite population densities affect survival rate, wood consumption rate, and tunneling rate (Jones 1990, Lenz and Barrett 1984) . Our results indicated that group size also affected sand depositing behavior. The space in the arenas (Ϸ1 cm 3 ) was the same for all group sizes at 0 h, and thus our experimental groups represent different population densities. Between 0 and 24 h, termites of larger group size (higher population density) deposited sand at higher density than did termites of the smallest group size ( Table 1 ). The population density within each group increased in the initial 24 h because the space in all arenas decreased (Table 1) . Between 24 and 48 h, termites of any of the group sizes deposited sand at a higher density than in the initial 24 h (Table 1) . Although the data showed termites deposited sand more densely when the population density increased, the mechanism by which termites make such adjustment is unknown.
Space in Gallery System. Underground tunnel space could be created by removing soil to the surface, as occurs in mound-building termites. The total tunnel volume of M. michaelseni was 1.12 m 3 (Darlington 1982) . However, the subterranean termites are not known to move soil to the surface. The entire Formosan subterranean termite gallery system excavated by King and Spink (1969) Most of the galleries were shaped like horizontal slits that were no Ͼ0.3 cm in height and Ϸ0.3Ð3.8 cm in width. Assuming the average width of the tunnels at 2.0 cm, the total volume of the gallery system was Ϸ0.035 m 3 (58,000 by 2 by 0.3 cm), which is considerably smaller than that of mound-building termites. Our experimental data (Table 3) showed that net increase in available space was Ϸ35Ð 64% (average is 50%) of consumed wood volume. Thus, Formosan subterranean termite only had to consume 0.07 m 3 of wood to gain 0.035 m 3 of space for the gallery system. These results indicate that subterranean termites do not have to remove soil to a great extent to construct extensive gallery systems. The space created by wood consumption could be transformed into tunnel space during soil displacement. In conclusion, Formosan subterranean termites rely on consuming cellulose material for surviving; consequently, available space continuously increases. Our results showed that Formosan subterranean termites did not compact sand to yield tunnel space. We speculate that termites deposited excavated sand in voids created by consuming wood to expand tunnel space.
